This paper concerns the unwinding tension control of lithium battery diaphragm in the slitting machine. The difficulties come from the nonlinear and strongly coupled nature of system, unmodeled factors, uncertainties of friction, variation of diaphragm, noisy of measurements, etc. The tension dynamics of diaphragm is established based on progressive diaphragm deformation in the span of rolls in small time intervals of diaphragm transport, from the stable condition of which a sliding surface is proposed. Combining the trend law of sliding mode control and the dynamics of the unwinding system, we work out a sliding mode control law for the unwinding tension control of diaphragm; parameters are added to reduce the influence of measurement noise; disturbance observer based on differential tracking is designed to improve the performance of the control system. Experiments shows that the proposed methods work well in tension command response and tension maintenance with different transport speed of diaphragm, and the performance meets the needs of the slitter.
I. INTRODUCTION
Tension control is one of important problems in WiderRoll-to-NarrowerRolls slitting machines, which is critical for the slitter of diaphragm used in lithium batteries because of the delicate requirements for tension in progress and in the rewound rolls. This paper is about the Lithium Battery Diaphragm Slitting Machine(LBDSM), the unwinding tension of which is the focus. The unwinding tension control system in LBDSM is a nonlinear, time-variant system. The difficulties of maintaining the commanded tension in the unwinding session comes from the following factors: (1) the increasing requirement for the deviation of tension from the command; (2) the variation and uncertainty of friction torque of unwinding transmission; (3) the continued changes of the diameter and moment of inertia of the unwinding axis; (4) the requirement for the changes of transport speed of diaphragm; (5) the variation of the diaphragm; (6) disturbances to the system from temperature, moisture, and other factors. The experimental setup of LBDSM used in this paper is shown in Fig.1 .
The lithium battery diaphragm in this paper is a kind of web as described in [1] , and the tension control problem has a lot in common with traditional web tension control. The dynamics [2] [3] and tension control systems [4] - [14] on web can provide substantial references. In [4] , an air entrainment model of web-winding systems has been studied and the influence of air entrainment on the web tension fluctuation was explained by simulation analysis. Reference [5] and [6] studied the role of dancers in attenuation of tension disturbances, and [7] studied active dancer for additional flexibility in tension control. Tension maintaining for continuous strip processing was analyzed and the accumulator system was modeled and discussed in a process line [8] . In [10] [11] and [12] , robust H ∞ control algorithms have been used in tension control, and in [13] and [14] , neural network was used for this purpose.
From the traditional point of view in dynamics and control theory, friction and disturbance have been the main concerns in web tension control; [15] proposed an approach for friction compensation and disturbance rejection; [16] suggested an observer for friction and inertia prediction while [17] proposed a disturbance observer based approach.; and [18] employed an iterative learning control method to suppress the periodic disturbance due to friction effect.
The main drawback of tension control systems with modeling of frictions and disturbances is lack of proof in robustness, while sliding mode controls have its way and have been widely studied and applied in various fields [19] - [22] . This paper put our efforts on the application of sliding mode control on the unwinding tension control in LBDSM, which is structured as follows: the experimental setup is depicted and the driving dynamics of the unwinding session is given in section 2, including the tension dynamics of diaphragm from the view of gradual settling of web tension in differential increments of time; the sliding mode control law is designed in section 3 with an innovative sliding surface design of two tightly coupled variables, namely velocity and tension, and the stability analysis of the system is also given then; to further improve the performance of tension control in the practical application, a disturbance observer based on differential tracking is designed in section 4 which proved to be an effective addition to the experiment results in section 5 where other advantages of the proposed methods in this paper are shown. 
II. THE MODELS
Roller 1 in Fig.2 is the motor-driven unwind roller with the diaphragm roll mounted on of the outer radius 1 () Rtand the inner radius 1 r . Roller 2 is the tension measurement idle roller with the load cell mounted on. Roller 3 is the speed (or master) roller, which produces the reference transport speed of diaphragm. The friction between the diaphragm and roller 3 (with rubber surface) isolates the diaphragm tension on both sides of roller 3 within a certain range of tension, and the control of the unwinding tension (before roller 3) is relatively independent of the diaphragm after roller 3. Roller 2-0 is idle roller to fix the upstream angle of the measurement roller.
A. THE MODEL OF DRIVING MOTOR OF UNWIND ROLL
The dynamics of the driving servo motor of the unwind roller is governed by is changing with the unwinding diaphragm which is given by
Where H is the width of the unwinding diaphragm,  is density of diaphragm.
The relationship between the linear speed 1 v of transport diaphragm and the rotational speed 1  of unwind motor is as follows,
And the derivative of the changing radius of unwind roll is
Where h is the thickness of diaphragm. From equation (2)-(5), equation (1) is rewritten as
The system (6) shows a nonlinear, multi-variable system with time-variable parameters.
B. THE MODEL OF LOAD CELL ROLLER
The load cell was mounted at the two ends of an idle roller, which is driven by the friction torque from the diaphragm, and the equation is as follows,
where 2 J is the inertia of the load cell roller, 2 T is the diaphragm tension in the span between the load cell roller and the master speed roller,  the coefficient of friction of the bearing of load cell roll, 2 r the inner radius of the bearing of load cell roll,  the wrap angle of the diaphragm on the load cell roller, and 2 G the total weight of rotating parts including rollers, bearing outer rings and other accessories.
Because the inertia and friction of the load cell roller are relatively small, the influence of the load cell roller on the unwinding system is regarded as disturbance, which is supposedly to be overcome through the disturbance rejection from the designed controller.
C. THE MODEL OF MASTER ROLLER
The master roller is to provide the reference transport speed of the diaphragm in the slitter, and the servo driver was configured working in velocity control mode. We think of the actual speed of the roller as being given, and the deviation of the speed to the nominal value is supposed to be a disturbance. We do not consider the dynamics of this roller
D. THE TENSION MODEL OF DIAPHRAGM
Ignoring the influence of the load cell roller, that is, 1 2 TT  , according to the Hook's theorem and the conservation of mass, during the small period of time t  at time t , the longitude equation of diaphragm in the span between the unwinding roller and the main speed roller is as follows:
where 1 () Tt and 1 ()
 are the tension 1 T in the span at time t and ( tt  ) respectively, 0 T the tension inside the diaphragm roll, E the modulus of elasticity of the diaphragm material, A the cross-sectional area of the diaphragm, L the length of the span between unwind roller and master speed roller, 3 v the velocity of the diaphragm going into the master speed roller( the linear speed of the master roller), 1 v the linear speed of diaphragm going off the unwind roll. We ignore the influence of the load cell roller and the slip phenomenon of the moving diaphragm here.
From (8), we have:
We define:
Then the diaphragm dynamics is
At equilibrium situation, i.e. 1
, the tension of the diaphragm is 11 0 33
Which shows the constant ratio of 1 v to 3 v determines the tension of the diaphragm under equilibrium, which is quite instinctive.
The solution of (10) is Equation (12) shows that the ratio of transport speed at both ends of the diaphragm is the cause of the tension, and the nature of first order system of equation (10) and its solution shows the delayed effect of tension, and the time constant is determined by 3 v .
E. THE OVERALL MODEL
The overall dynamics of unwinding system can be rewritten as follows. 1 1 1
The two state variables 1 T and 1 v are tightly coupled; control input 1  of the plant is realized with a servo motor; the 2 1 v part shows the nonlinear property; the eccentricity and nonroundness of the diaphragm roll, the mounting error of the parts, and the measurement error of the sensor etc. all affect the diaphragm tension of the unwinding roll. The dynamic model (13) cannot cover all the uncertainties. A feedback control is usually needed to compensate the unmodeled factors and uncertainties and to improve the system performance, which has the side effect of likely instability we must give full attention. The following sections propose a sliding mode control law for this unwind tension control of diaphragm in the experimental slitting machine; the stability of the control system is proofed, and the performances are improved in experiments.
III. THE DESIGN OF THE SLIDING MODE CONTROLLER
The strong robustness is an important advantage of sliding mode control, that is, it has excellent insensitivity to the model error of the controlled object, the change of the object parameters and the external disturbances [23] . In this session, a sliding mode controller for diaphragm tension control in unwinding span of a slitter is designed and its stability is analyzed using Lyapunov method.
A. THE DESIGN OF SLIDING SURFACE
Because of the strong coupling nature of the system given in equation (13) , we particularly propose a sliding surface containing both of the state variables to finally achieve stable and robust control of the diaphragm tension in the unwinding process.
Suppose equation (10) comes to a "set state", which means, 3 1
with "set values" of 1 T and 1 v . Subtracting the above equation from equation (10) gives:
. From (11), we have:
For system (14) , considering 3 v as a constant, the goal is to design 1 v  to make 0 T robust and stable. We construct 2 (1/ 2)( ) 0 VT    as the Lyapunov function candidate, then the derivative of V along (14) is as follows:
According to (17) we define the sliding surface which integrates the two state variables together as follows
Which is the designed target surface of state variables to make sure system (14) going to the target of 0 T .
B. THE DESIGN OF CONTROL LAW
We select the trending law of sliding mode control [25] , as follows: We will expect s tending to approach 0 which is the surface defined in (19) , and which can be convinced by, (20), it is possible to ensure the dynamic quality of the sliding process and to reduce the high frequency chattering of control signal [25] . Now, we have
Substituting the formulas (13), (14) and (20) into (21), we get the control law as follows: 
There is 1set v in 2 x part of equation (22), which is corresponding to process of accelerating the transport speed of 
Changing the 2 x part of equation (22) with
We get the sliding mode control law for the unwind tension control of diaphragm in the LBDSM. Through the above control law, the system states will converge to the desired equilibrium point follow the sliding mode surface in finite time.
The finite time convergence of the system can be proofed as follows. Suppose the initial state (0) 0 s  , the process from the initial state to the sliding surface is: ss      Solving differential equations for the above formula, we get: 
In practical applications, the value of  ,  , and (0) s has an upper limit, so the system can reach the sliding surface within a limited time.
C. THE DESIGN IMPROVEMENT IN PRACTICE
1) Theoretically, the process of controlling the tension is like this: if the actual unwinding speed 1 v is greater than the 1set v for some reason, i.e. 1 0 v , the diaphragm tension 1 T will be less than the expected tension i.e. 0 T , then we have 0 s  , and this will trigger the regulation mechanism of the controller, i.e. 0   , and the calculated torque will be reduced resulting in the decelerated motor, v  are not so reliable, which may cause noisy sliding surface and degraded control performance. The improvement on this aspect is designed, we calculate the 1 v  as follows instead,
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2) The 3 x part in the control law (22) can be rewritten as, 3 1 0 1
c and 2 c are the proportional feedback parts of the deviations of target tension and velocity. In practice the ratio of 2 c to 1 c is usually several hundreds to thousands, which makes the influence of 1 v  too much larger than T  and also amplifies the measurement noise the same times. A coefficient 2 1   is introduced and the 3 x part in the control law is changed as follows
IV. THE DESIGN OF DIFFERENTIAL TRACKING

DISTURBANCE OBSERVER
To reduce chattering, a common problem caused by sliding mode control, one method is to use a continuous saturation function or sigmoid function to approximate the discontinuous symbol function in the controller [26] [27] which produces large steady-state errors due to the boundary layer around the sliding surface [28] . Another method is to reduce the switching gain, the  in the trending law (20) , which deduces the effect of disturbance rejection. We design a disturbance observer here to estimate the disturbance in the system to tackle this problem. The disturbance observer is an inner-loop controller, which can compensate the uncertainty and external disturbance of the system and make the inner-loop behavior conform to the established nominal model, that is, the outer-loop controller deals with nominal stability and nominal performance, and the inner loop disturbance observer improves robustness against uncertainty and disturbance [30] .
The general disturbance observer based on nominal model is shown in the red box in Fig.4 .
FIGURE 3. Disturbance observer based on nominal model
In Fig.3, ( ) Cs is the sliding mode controller designed in this paper, which outputs torque is , and the observer output d is the addition to as an observed disturbance of d and  , and the compensated torque is supposed to be able to make noise-free output y which is the intent. I is the input of controller, () Ps is nominal model of the system, and 1 () n Ps  is the inverse model of the nominal model.
() Qs is usually a low-pass filter which has the drawback of phase lag in estimation which may deteriorate the chattering problem.
We use differential tracking structure for the () Qs function in Fig.3 , which is called differential tracking disturbance observer (DTDO) in this paper.
The basic form of the nonlinear tracking differentiator is as follows 1 2 1 10 2 2 2 1 2 20 Fig.1 ; the speed servo motor was AM8052-1F10-0000 from Beckhoff which was configured in speed mode and supposed to give good corresponding speed; the unwinding servo motor was AM8042-1E10-0000 from Beckhoff which is the main actuator we are focused on to realize the unwinding tension control of diaphragm, and the servo driver was configured in torque mode; the main controller was CX5130-0122 from Beckhoff and the control cycle was configured 1ms; the experiment parameters in the formulas are as follows: 
The friction torque 1 Md was experimentally determined as: and test for the ability of tension maintenance in different transportation speeds (shown in Fig.5 ). The basic sliding mode control(SMC) result is shown in Fig.6 ; adding the basic disturbance observe(SMCBDO) made the performance terribly worse (shown in Fig.7) ; but with the DTDO observer added(SMCDTDO), the maintenance of the tension is shown in Fig.8 , much better performance; further increasing the speed to1/ ms (as shown in Fig.9 ) the result kept as well (shown in Fig. 10 ). , 4N , 6N , 8N ), the result of sliding mode control with DTDO added is shown in Fig.11 , which shows good responsive to tension command. 
VI. CONCLUSION
This paper presented a sliding mode control method for the unwinding tension control of Lithium Battery Diaphragm in the slitting machine, and experiments was given to show the effectiveness of the control system. We conclude this paper as follows:
(1) From the process of tension establishment in small time intervals in the span of two rolls, tension dynamics of web was established, based on which the sliding surface of two strongly coupled state variables (tension and speed) was designed which proved to be a stable surface under the selected trending law.
(2)The sliding mode control law was derived combining the dynamics of unwinding driving system and the selected trending law. With this control law the system trajectory will approach the sliding surface and the surface will lead the system to the target. Parameters was added to the control law to reduce the influence of measurement noise of unwinding velocity.
(3) Disturbance observer was introduced and differential tracking was used to form the observer. (4) Experiments showed that the designed sliding mode control plus the differential tracking observer performed well in tension maintenance with changing speed and tension response to commands. The control system can meet the needs of diaphragm slitting machine.
